T he health benefits of regular physical activity are well known, including decreased all-cause mortality, fatal and nonfatal cardiovascular disease (CVD) events, and sudden cardiac death. 1 However, the adverse effects of high levels of endurance activity (well beyond current physical activity guidelines for health promotion) 2 on the development of subclinical coronary artery atherosclerosis have been the focus of recent publications. In a study evaluating 152 masters athletes and 92 controls with low atherosclerotic risk profiles, a small percentage of male athletes (12 of 106 [11.3%]) had coronary artery calcification (CAC) of at least 300 Agatston units (AU), whereas no male controls had similar CAC levels. 3 Whether these data are sufficiently robust to support the conclusion that "coronary plaques are more abundant in athletes" 3(p126) is controversial. 4 Another study evaluating 284 active men 5 showed that those with the highest volume of physical activity (>2000 metabolic equivalent of task [MET]-minutes/week [min/wk]) had a higher prevalence of CAC. In these studies, 3-5 the dominant plaque morphologic feature (calcified, noncalcified, or mixed) in the most active group was more likely to be calcified plaques, suggesting that these plaques might be more stable and less prone to rupture. These and similar observational studies 6-11 with small numbers of highly select individuals have demonstrated conflicting results related to subclinical atherosclerosis prevalence. Importantly, primary clinical outcomes are unavailable for these studies, making their clinical implications uncertain.
6-11
Few published reports present mortality outcomes in individuals with high levels of endurance activity in the presence of clinically significant CAC and thus, few data are available to guide clinical recommendations. 6, 7, 12 If endurance athletes with higher amounts of CAC demonstrate increased mortality, then consideration should be given to reducing physical activity levels closer to those of the guidelines. Conversely, if the presence of CAC in athletes is not associated with increased mortality, then reassurance regarding high levels of physical activity would be more appropriate. The objectives of this work were 2-fold: first, to assess the cross-sectional association of prevalent CAC with high levels of physical activity in a large population of generally healthy men, and second, to evaluate whether high levels of physical activity were associated with increased mortality in those with CAC because whether the mild increase in CAC seen in endurance athletes translates to greater mortality remains unknown. Ultimately, the overarching goal of these analyses is to provide clarity for health care professionals and patients regarding the risk of high levels of physical activity in the presence of subclinical atherosclerosis.
Methods

Study Population
The Cooper Clinic, Dallas, Texas, is a preventive medicine practice begun in 1970 that focuses on lifestyle modification for optimal health. This model has motivated endurance athletes and those with considerable routine moderate to vigorous physical activity to seek care at the clinic. In general, the patient population is white and educated and has access to medical care. The Cooper Center Longitudinal Study (CCLS) is a prospective study initiated to evaluate the association between cardiorespiratory fitness (CRF), physical activity, and health. Data collected at the Cooper Clinic and captured in the CCLS database are not based on a systematic research protocol but rather on clinical practices and patient-specific physician recommendations. Clinic patients sign informed consent for the use of their deidentified clinical data for research. The study is approved annually by the institutional review board of The Cooper Institute.
For this study, individuals with an evaluation including history of physical activity and CAC scanning were identified as the base cohort (28 880 men seen from January 13, 1998, through December 30, 2013, with follow-up completed on December 31, 2014). Exclusion criteria for the primary cohort included being younger than 40 years or older than 80 years (n = 2828), follow-up of less than 1 year from scan visit (n = 3144), preexisting myocardial infarction (n = 316) or stroke (n = 112); missing body mass index (BMI; calculated as weight in kilograms divided by height in meters squared) or measurements of blood pressure, glucose levels, triglyceride levels, and high density lipoprotein (HDL) cholesterol levels (n = 704); or a BMI of less than 18.5 (n = 18). These exclusions resulted in a final sample of 21 758 men. A subcohort of 18 564 men underwent treadmill exercise testing to determine CRF for corroboration with self-reported physical activity.
Women were excluded from the primary assessment owing to insufficient number of deaths, which is the primary outcome of interest. Of note, 9501 women remained after the exclusion criteria were applied. In this cohort, only 5 allcause and 3 CVD deaths occurred in the highly active group of women (≥3000 MET-min/wk). However, because this question is important in men and women, the characteristics, CAC prevalence, and mortality tables for women are included as eTables 1 to 3 and the eFigure in the Supplement.
Clinical Status
The baseline examination included a thorough history questionnaire with medical and physical activity questions
Key Points
Question Is the presence of high levels of coronary artery calcification in the setting of very high levels of physical activity, for example, as typically practiced by masters marathon runners, associated with increased mortality?
Findings In this observational study of 21 758 men with varying levels of physical activity, the presence of elevated levels of coronary artery calcification (Ն100 Agatston units) was more prevalent among highly active men. However, no increase in all-cause or cardiovascular disease mortality was evident in this group when compared with men who were less active.
Meaning
In highly active individuals with elevated levels of coronary artery calcification, it appears that there is no evidence to suggest increased mortality risk from high levels of physical activity.
confirmed by the clinic physician. Prescription medications, including statins, were captured from the physician report. Dietary history was not routinely obtained and, hence, not considered in this analysis. Weight in kilograms and height in meters were measured using a standard clinical scale and stadiometer. Body mass index was then calculated and reported using the measured weight and height.
2 Seated resting blood pressure was acquired using a mercury sphygmomanometer following a standard protocol and reported in millimeters of mercury. After a 12-hour fast, venous blood samples were collected and the Cooper Clinic laboratory assayed blood chemistry analytes according to standard procedures and reported in appropriate units. Cardiorespiratory fitness was objectively measured based on maximal time on an exercise treadmill test using the modified Balke protocol as previously described.
13,14 Treadmill time using this protocol is known to be highly correlated with measured maximal oxygen uptake in men (r =0 . 92). 15 Maximal MET levels (1 MET = 3.5 mL/O 2 ×k g −1 × min −1 ) were estimated from the final treadmill speed and grade.
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Physical Activity
The detailed, self-reported physical activity questionnaire was reviewed with the patient for accuracy. Patients are asked to define their participation in the following activities, including number of sessions per week (frequency) and mean duration of each workout during the preceding 3 months: walking, jogging or running, treadmill, bicycling, stationary cycle, swimming, aerobic dance or floor exercise, and vigorous activity. Frequency and duration were converted to minutes of activity per week, weighted by multiplying by an estimated MET value using the Compendium of Physical Activity values for intensity assessment 17 and summed across all activities to total physical activity in MET-min/wk. This process provides a volume of weekly physical activity for each individual. No specific question defined whether these exercisers are in fact competitive athletes (eg, regular marathon runners). However, an activity level greater than 3000 MET-min/wk is substantially above the guidelines and corresponds to more than 5 hour/ week of vigorous exercise, or approximately 48 kilometer/ week at a pace 10 minutes per 1.6 kilometer. Physical activity levels were categorized into the following 3 groups: at least 3000 or more, 1500 to 2999, and less than 1500 MET-min/wk. The Physical Activity Guidelines 2 identify the need for at least 150 minutes/week (min/wk), or 500 MET-min/wk, of moderate to vigorous physical activity for health and at least 300 min/wk, or 1000 MET-min/wk, for enhanced health and performance benefits. To focus the evaluation on high activity volumes, at least 3000 MET-min/wk was considered the highest activity category. The remainder were divided as 1500 to 2999 MET-min/wk and less than 1500 METmin/wk. The latter was selected as the lower threshold based on the distribution of physical activity in this sample (75.6% were at the level of <1500 MET-min/wk) and to ensure substantial volume of activity in the groups above that threshold (ie, >150 min/wk of vigorous physical activity at an intensity of 10 MET).
Coronary Artery Calcification
Coronary artery calcification as assessed by electron beam tomography scan using the C-150XP or C-300 system (GE 
Statistical Analysis
Data were analyzed from September 26, 2017, through May 2, 2018. Baseline characteristics were summarized by physical activity (<1500, 1500-2999, or ≥3000 MET-min/wk) and CAC (<100 or ≥100 AU) categories. Follow-up time and numbers of all-cause and CVD deaths were summarized in the same categories. Relative risk of CAC of at least 100 AU for physical activity of less than 1500 and 1500 to 2999 vs at least 3000 MET-min/wk adjusted for age, smoking, BMI, glucose level, cholesterol level, and resting systolic blood pressure was estimated using Poisson regression with robust error variance. 21 Maximum likelihood was used to estimate hazard ratios (HRs) for all-cause and CVD mortality from Gompertz mortality models, assuming event rates exponentially increasing with age. Mortality model fit was confirmed by testing the Cox-Snell residuals against a censored exponential distribution. The proportional hazards assumptions were tested using Fisher z transformation of the correlation between the Schoenfeld residuals and the rank-ordered event times. Cubic regression splines were used to fit mortality models with continuous physical activity effects. Post hoc power was calculated from exemplary data generated by applying the fitted mortality models to the actual data. The sample had at least 80% power to detect all-cause mortality HRs of greater than 1.60 for physical activity of at least 3000 vs less than 1500 MET-min/wk separately in those with CAC of less than 100 or at least 100 AU. The corresponding minimum detectable CVD mortality HRs were 2.50 and 2.00. All analyses were programmed in SAS/STAT software (version 9.4; SAS Institute Inc).
Results
Descriptive characteristics are presented in Table 1 by physical activity and CAC level categories. In this sample of 21 758 men, the mean (SD) age at baseline examination was 51.7 (8.4) years, and most did not use tobacco (86.0%) or a statin medication (82.8%). Men in the most highly active category (>3000 MET-min/wk) were slightly older, were less likely to smoke, had lower BMI and blood glucose and triglyceride levels, and a Sample sizes were reduced where a specific observation was missing with resulting minimum sample sizes for statin use (n = 20 239), LDL cholesterol level (n = 21 461), calcium level (n = 14 437), lifetime physical activity (n = 13 802), calcification volume (n = 19 411), number of calcifications (n = 19 480), cardiorespiratory fitness (n = 18 564), V O 2 max (n = 18 564), maximum heart rate (n = 18 564), and heart rate recovery (n = 18 564). had higher HDL cholesterol levels. The mean physical activity volume in the most highly active group was slightly more than 4600 MET-min/wk, which is equivalent to running 6 miles/day at a pace of 10 minutes per mile (9.6 kilometers/ day at a pace of 10 minutes per 1.6 kilometers). This exercise volume is consistent with the weekly distances proposed for and practiced by many masters marathon runners. 22 The lifetime activity in years increased with increasing physical activity category. Coronary artery calcification score, lesion number, and total volume demonstrated no significant trend across physical activity groups within groups with CAC of at least 100 and less than 100 AU. Figure 1 shows the sample distribution of physical activity categories in MET-min/wk, with a high-resolution distribution of the most active group. eTable 4 in the Supplement shows the distribution of activities in MET-min/wk by CAC and physical activity levels. Of note, the highest activity levels are not limited to running or any single activity. A subgroup analysis of those with an additional physical activity assessment within 5 years of baseline found 61.3% of those with physical activity of at least 3000 MET-min/wk at baseline had confirmation of ongoing high levels of physical activity of at least 1500 MET-min/wk. In 18 564 men with CRF measurement ( Figure 2 summarizes the relative risk of prevalent CAC by physical activity group. Men with at least 3000 MET-min/wk were more likely to have prevalent CAC of at least 100 AU (relative risk, 1.11; 95% CI, 1.03-1.20) compared with those accumulating lesser amounts of physical activity. The number of all-cause and CVD deaths and associated incidence rates are described in Table 2 . During a mean (SD) follow-up of 10.4 (4.3) years, 759 men died, including 180 CVD deaths. Among those with physical activity of at least 3000 MET-min/wk, 40 allcause and 10 CVD deaths occurred.
Association of Mortality With High Levels of Physical Activity and Coronary Artery Calcification
Age-and multivariate-adjusted analyses revealed 1 statistically significant association among physical activity, CAC, and all-cause mortality ( Table 3) . In men with CAC of less than 100 AU, those who accumulated at least 3000 MET-min/wk were about half as likely to die compared with men with less than 1500 MET-min/wk (HR, 0.52; 95% CI, 0.29-0.91). In the group with CAC of at least 100 AU, men who accumulated at least 3000 MET-min/wk did not have an increase in all-cause mortality (HR, 0.77; 95% CI, 0.52-1.15) when compared with men with less than 1500 METmin/wk. When evaluating the association among high physical activity, CAC, and mortality with other CAC cut points, a similar outcome was seen (eTable 5 and 6 in the Supplement), including a statistically significant decrease in all-cause mortality in the highest physical activity group with CAC of at least 1.00 AU (HR, 0.63; 95% CI, 0.44-0.92). Of note, increasing physical activity was not associated with a statistically significant increase in mortality, and no evidence suggested that physical activity hazards for all-cause mortality varied by category of CAC for physical activity of 1500 to less than 3000 MET-min/wk (HR for <1.00 AU, 0. Table 3 for details). Finally, a subgroup analysis was performed with those individuals (n = 20 239) who had medications reported in the study data to evaluate the potential association with statins. Again, HR of less than 
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Association of Mortality With High Levels of Physical Activity and Coronary Artery Calcification 1.00 was seen in the high physical activity group after adjusting for statin use (eTable 7 in the Supplement).
Discussion
In this large cohort of men with more than a decade of followup, adjusted risk of CAC of at least 100 AU was 11% greater among individuals with very high levels of physical activity compared to those with lower levels. More importantly, no evident association existed between very high levels of physical activity and increased mortality among individuals with and without clinically relevant levels of subclinical atherosclerosis. Indeed, in virtually every analysis, at any cut point of CAC or when considered continuously, individuals with the highest levels of physical activity had lower mortality than those with the lowest activity levels. These results do not support the contention that high-volume endurance activity, with a mean of more than 1 hour of activity per day, increases the risk of all-cause or CVD mortality, regardless of CAC level. The sample size (n = 21 758) and the mean follow-up (10.4 years) are substantially larger than those of other similar studies. Despite this large sample and prolonged follow-up, the number of mortal events in the highest-activity group was remarkably low. A robust literature describes substantial all-cause and CVD mortality benefits from routine physical activity and CRF. 1, [23] [24] [25] However, more recent literature has raised concern that this mortality benefit diminishes with increasing volumes of physical activity. In the Copenhagen City Heart Study, 26 individuals reporting 1.0 to 2.4 hours/week of jogging had 71% reduced mortality compared with nonjoggers, but strenuous joggers appeared to have higher mortality (HR, 1.97; 95% CI, 0.48-8.14). Only 2 deaths, however, occurred among the strenuous joggers, and the cause of death was not identified. Conversely, in a meta-analysis of 10 studies evaluating 42 807 elite or professional athletes, 27 the elite athletes lived longer and had reduced CVD and cancer mortality (standardized mortality ratio, 0.67; 95% CI, 0.55-0.81) compared with the general population. These studies and others 7,28,29 demonstrate mortality benefit in a wide variety of populations in terms of size, participant athleticism, and availability of descriptive information to allow adjustment for competing risks for mortality. Thus, a paucity of evidence suggests that high levels of long-term aerobic activity increase mortality. Recent studies have raised the possibility that these levels of exercise may increase subclinical atherosclerosis.
3-5 Most related literature has shown a lack of association between high levels of physical activity and coronary atherosclerosis, but again, these studies include small groups of athletes. [9] [10] [11] 30 Two recent studies 3,5 have suggested that extreme levels of physical activity, including marathon running, are associated with increased CAC. However, data evaluating high-volume activity athletes with known CAC and long-term clinical outcomes are scarce. Once CAC is discovered, a great clinical concern is whether continued high levels of activity accelerate the transition to clinical disease, including nonfatal and fatal CVD events. In the present study, although highly active men had slightly greater risk of CAC of at least 100 AU, a corresponding greater mortality was not seen. Several studies have evaluated the joint effects of CAC and physical activity or CRF, a marker of habitual physical activity, on health outcomes. 1 A large (N = 10 690) study 12 assessed regular physical activity with a low resolution scale from 0 to 10 (0 indicates never; 10, all the time) and demonstrated all-cause mortality was higher with lower activity and higher CAC. With respect to CRF, in a study of 25 972 middle-aged Korean individuals with CAC and CRF measurements who were followed up for 5.5 years, 31 those with more than 10-MET CRF (vs lower CRF) had an attenuated association of high CAC with all-cause mortality. Recently, Radford et al 32 evaluated more than 8000 healthy men and found that for any baseline age and CAC level, higher CRF was associated with lower annual total CVD incidence. Although these studies evaluated large numbers of individuals, they did not focus on the high levels of physical activity associated with endurance athletes for whom the question of training-induced coronary calcification has been raised. Indeed, the key question addressed in the present study was whether the presence of high CAC associated with high levels of exercise training as typically practiced by masters marathon runners is associated with greater mortality. For this question, the answer is clearly no.
Strengths and Limitations
Strengths of this study include the large sample (21 758 men), long mean duration of follow-up (10.4 years), and the availability of self-reported and measured risk factor information for risk estimation and multivariate analyses. The overall risk profile would suggest that sufficient risk exists within the population for the outcomes of interest to occur. Although physical activity is self-reported, the extensive questionnaire allows solid definition of total physical activity volume. An ample subcohort also underwent treadmill exercise testing for CRF assessment and demonstrated a strong association between reported high levels of activity and high CRF, supporting the cogency of self-reported activity levels. Limitations in this study include the homogeneity of the population that is predominantly white, well educated, and with access to health care. Although limiting generalizability, this homogeneity removes unmeasured confounders and emphasizes the exposures of interest, including physical activity and CAC. The cross-sectional nature of the analysis between physical activity and CAC limits our ability to make a direct casual inference, but results are suggestive of the physical activity and CAC association previously described. The selected covariates were based on the Framingham Cardiovascular Risk equation 33 and represent consistently available variables. Although data regarding baseline statin use are available, information on the length of use or the chronic lipid control level is not. Further, multiple visits were not analyzed owing to the limited mortal events in those with more than 1 visit and, hence, lack information on whether CAC discovery might have led to lifestyle and/or treatment modification. Thus, the patients' rationale for their high levels of activity is unknown (eg, influence of risk status or existing medical problems).
In this large cohort with long duration of follow-up and a focus on the tail of a distribution, statistical power is limited. Of the 759 deaths, only 40 are among those with high physical activity levels. Power to detect all-cause mortality HRs to 1.60 for high vs low physical activity levels falls below 80% among those with CAC of at least 100 AU as well as less than 100 AU. Power to detect CVD mortality HRs to 2.00 among those with CAC of at least 100 AU and to 2.50 among those with CAC of less than 100 AU falls below 80%. Consequently, and although all our evidence suggests diminished risk at high levels of physical activity, we are unable to rule out risk ratios to these limits.
Conclusions
The present study, with, what is to our knowledge, the best available mortality data in a large population with CAC and quantification of physical activity, advances our understanding of the association of high levels of physical activity, clinically relevant CAC, and mortality. An 11% increase occurred in the adjusted prevalence of CAC of at least 100 AU in the most highly active group, most of whom had a CAC of less than 100 AU. In the presence of CAC and high levels of physical activity, however, the risk of all-cause and CVD mortality was less (compared with lower levels of physical activity) and thus appears to provide evidence against the hypothesis that high levels of activity increase the risk of all-cause or CVD mortality. Our findings should reassure patients and their health care professionals that it appears these highly active individuals can safely continue their exercise programs.
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